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“I am enough of the artist to draw freely upon my imagination. Imagination is more  
important than knowledge. Knowledge is limited. Imagination encircles the world.” 
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The present thesis introduces the research of various fabrication strategies of bottom-up 
plasmonic nanostructures for the bio-analytical application. First, a novel label-free 
Phythopthora ramorum detection platform was realized employing SERS. This invasive plant 
pathogen was successfully detected and the entire analysis chain including, sample 
preparation, DNA isolation, amplification and hybridization on SERS-active silver substrate-
immobilized adenine-free capture probes is introduced in the thesis. Later, the above 
introduced silver plasmonic arrays, so called EGNPs, were coated with the dielectric 
material Al2O3 using atomic layer deposition (ALD). These procedure increased their 
sensitivity, specificity and shelf-life. Second, hierarchically designed 3D flower-like hybrid 
nanostructures were developed by combining the metastable property of EGNPs substrates 
with plasma enhanced atomic layer deposition (PE-ALD). The resulting ultra-stable 
nanostructures were established as an efficient SERS-template substrate. Finally, an 
alternative silver nanoparticle synthesizing method using microwave radiation was 
proposed. This employs as a reliable, rapid, simple, reproducible and environmental friendly 
bottom-up fabrication strategy. The approach was implemented to the glass capillaries. An 
ultra-sensitive and high reproducible novel SERS-based capillary platform was developed 
and applied for the trace detection of THC.  For this purpose, not only the physical, material 
and optical properties of these developed nanostructures were characterized but also their 
SERS efficiency was studied in detail.  
The developed novel SERS-active nanostructures show improved SERS performance in 
terms of high SERS reproducibility, surface uniformity, easy synthesis, cost-effectiveness, 
easy handling and high signal to noise ratio. Finally, the great potential of those novel 










In der vorliegenden Dissertation werden verschiedene Bottom-up-Strategien zur Herstellung 
plasmonischer Nanostrukturen in bio-analytischen Anwendungen erforscht. 
Zuerst wurde eine neuartige SERS-basierte Detektionsplattform für den kennzeichnungsfreien 
Nachweis von Phythopthora ramorum entwickelt. Dieses invasive Pflanzen-Pathogen konnte 
erfolgreich nachgewiesen werden und die komplette Detektionskette von der Probenpräparation über 
die DNS-Isolierung und -Amplifizierung bis zur Hybridisierung an adeninfreie Fängermoleküle, die 
an SERS-aktiven Silberstrukturen immobilisiert sind, vorgestellt werden. Weiterhin wurden die 
zuvor vorgestellten Silber-Nanostrukturen, sogenannte EGNPs, über ein ALD-Verfahren mit dem 
Dielektrikum Al2O3 beschichtet, wodurch die Sensitivität, Spezifität und die Lagerfähigkeit 
signifikant erhöht werden konnte. In einer zweiten Methode wurden durch die Kombination meta-
stabiler EGNP-Substrat-Eigenschaften mit plasmaverstärkter Atomlagenabscheidung (PE-ALD) 
hierarchische blumenartige 3D-Hybrid-Nanostrukturen entwickelt, die als stabile und effiziente 
SERS-Template eingesetzt wurden. 
Zuletzt wurde eine alternative Herstellungsmethode zur Erzeugung von Silbernanopartikeln über 
Mikrowellenstrahlung entworfen. Diese nutzt eine zuverlässige, schnelle, einfache, reproduzierbare 
und umweltfreundliche Bottom-up-Herstellungsstrategie, die in einer Glaskapillare angewendet wird. 
Eine hoch-sensitive und reproduzierbare, neuartige SERS-basierte Kapillar-Plattform wurde 
entwickelt und für den Spurennachweis von THC angewendet. Zudem wurden nicht nur die 
physischen, materiellen und optischen Eigenschaften der entwickelten Nanostrukturen charakterisiert, 
sondern auch die SERS-Effizienz im Detail betrachtet. 
Die betrachteten innovativen SERS-aktiven Nanostrukturen weisen verbesserte SERS-Eigenschaften 
hinsichtlich Wiederverwendbarkeit, Oberflächenhomogenität, einfacher Herstellung, Kosteneffizienz, 
einfacher Handhabung und hohem Signal-zu-Rausch-Verhältnis auf. Das hohe Potential dieser 
neuartigen SERS-aktiven Strukturen im Gebiet des biochemischen Spurennachweises illegaler 




1 Introduction  
1.1 Motivation 
Research of plasmonic materials is a fascinating branch of science having a long history of 
over hundreds years. [1-5]. Today these materials are of interest not only for fundamental 
studies in physics and chemistry but also for potential applications in trace detection of 
molecules, drug delivery, diagnostic imaging etc. Apart from synthesizing metallic 
nanoparticles by modern technology in the well-equipped laboratories, they also naturally 
occurred in nature as far as ancient times. The most miraculous examples of using metallic 
nanoparticles in ancient times were observed in the glass windows of the religious temples 
(see Figure 1). Additionally, they were used to decorate the Lycurgus cups with metallic 
luster of glazed ceramics.  The gold nanoparticles were used to give red pigments to the 
glass when the Lycurgus cups were illuminated from inside. Such metallic decorations show 
extraordinary optical properties due to the presence of silver or gold nanoparticles within 
the layer of the glaze.  
The remarkable scientific discovery in nanoparticle research was made by Michael Faraday, 
considered to be one the fathers of nanotechnology, almost 150 years ago [6-10]. He 
accidentally synthesized the ruby red solution and further investigated the optical properties 
of light and matter. His discoveries showed that the color of the solution was given by the 
size (and shape) of the nanoparticles. He related  this  to the light scattering properties of 
Figure 1: Nanoparticles that are used for coloring glass windows:  
The stained rose window with Flamboyant tracy at Sainte-Chapelle in central Paris, France (left).  
The colored glass window showing God Rama playing flute for the gopis at Amber Fort Palace, Jaipur, 
Rajasthan, India (right).  
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suspended nanoparticles, the so called Faraday-Tyndall Effect [8]. Today, it is known that 
the origin of these optical properties is the localized surface plasmon polaritons (LSPP). 
[11]. Later, the analytical solutions of Gustav Mie for the scattering of an electromagnetic 
wave by a metallic sphere provided the basic building block for the understanding of the 
plasmonic effects of metallic nanoparticles [9, 10, 12-14]. In consequence of these important 
contributions, applications of metallic nanoparticles in a variety of different fields such as 
chemical analysis, biomolecular detection, catalysis, imaging and monitoring, detection of 
hazardous chemicals, single molecule tracing, food analysis have been emerged[3, 15, 16].  
If one thinks about combining plasmonic materials with modern and sophisticated analytical 
techniques, the first that springs to mind is the development of fast and ultra-sensitive 
detection methods. Surface enhanced Raman spectroscopy (SERS) is highlighted one of the 
most powerful vibrational analytical method for understanding the fundamental properties 
of vibrational molecules and its applications to sensing and detection, down to single 
molecule detection [14, 17-25]. Since its discovery, the interest in and use of SERS has 
grown exponentially due to its high sensitivity and specificity. Nowadays SERS is applied in 
a wide variety of fields from imaging and diagnostic tool in medicine, bio and chemical 
sensing, investigation of catalytic reactions on plasmonic active surfaces, to detection of 
hazardous chemicals [23, 24, 26-28]. The SERS enhancement strongly depends on the 
composition, size, shape and surrounding medium of the plasmonic active nanostructures 
[29, 30]. The development of SERS active substrates has been concentrated into the 
production of novel SERS substrates with a particular emphasis on stability, uniformity, 
reproducibility, easy-to-synthesize, cost-effectiveness and high signal to noise ratio.  
The aim of the present thesis was to develop novel and high SERS performance bottom-up 
plasmonic substrates for bioanalytical applications. In the first chapter of the thesis, the 
theory of the plasmonics and the SERS technique is briefly introduced. This is followed by a 
definition of an ideal SERS-active substrate and a synthesis of plasmonic nanostructures and 
their various fabrication methods are discussed in detail. In the second chapter of the thesis, 
the novel bottom-up plasmonic substrates developed during the thesis are introduced.  In 
this chapter, the great potential of enzymatically generated nanoparticles (EGNPs) for label-
free detection of plant pathogens (covering all the analytical chain) is introduced. 
Afterwards, an ultra-thin dielectric layer of Al2O3 deposited by employing the atomic layer 
deposition (ALD) is proposed in order to quench the SERS background signal and improve 
the stability of the EGNPs. Here, the SERS characterization of Al2O3 coated EGNPs is 
performed and then the substrates are compared with the uncoated EGNPs. Further on, the 
potential applications in SERS are mentioned. This section is followed by the introduction of 
the establishment of novel bottom-up fabrication strategy for preparation of the 
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hierarchically designed 3D flower-like silver-silica hybrid nanostructures. These were 
fabricated by employing SiO2 plasma enhanced atomic layer deposition (PE-ALD). By taking 
the great adventage of EGNPs, as a metastable surface, innovative ALD process, so called 
metastable atomic layer deposition (MS-ALD) is introduced. The formation and the growth 
theory of these nanostructures are briefly discussed. Later, the SERS performance of these 
3D hybrid nanostructures as an efficient SERS template is noted. In the last section of 
Chapter 2, the microwave-assisted silver nanoparticle synthesis is suggested as an easy and 
rapid nanoparticle fabrication. The morphological, optical and SERS characteristics of the 
silver nanoparticles on flat substrate are studied by employing microwave radiation. Lastly, 
the microwave-assisted nanoparticle synthesis method is applied for coating the glass 
capillaries for SERS-based applications. Similarly, the physical and SERS properties of the 
coated capillaries were investigated. While doing this, an ultra-sensitive SERS-based 
capillary platform was developed for drug detection applications. In the last chapter of the 
thesis, the results published in six different manuscripts are summarized highlighting the 




1.2 Theoretical Background 
Discovered at the beginning of the twentieth century, plasmonics has raised a new and 
considerable interest [31, 32]. The extraordinary capability of surface plasmons polaritons 
(SPPs) to concentrate and enhance the electromagnetic field on the nanometer scale has 
opened new fields of applications in science and technology. The surface enhanced Raman 
spectroscopy (SERS) is the most powerful and delicate technique to reveal the capabilities 
combining plasmonics with spectroscopy [26, 33, 34]. The SERS effect was first observed in 
1974 while recording the Raman spectrum of pyridine on silver electrodes by Martin 
Fleischmann, Patric J. Hendra and A. James McQuillan [27]. Discovered more than four 
decays ago, SERS has raised a higher popularity in research in the last ten years [35, 36] 
due to it is a potential to become an analytical tool capable of detecting down to single 
molecular level. However, to understand the SERS enhancement mechanism, first the 
definition of plasmonic is introduced as follows. 
SPPs were first observed with an explained features of a reflectance measurement on 
metallic gratings by Wood in 1902 [37]. After the proposed theory of light scattering from 
spherical particles by Mie in 1908 [38], Pines and Fano introduced in 1956 the term of 
collective oscillations of free electrons in metal, so called “plasmons” and the coupled 
oscillation of bound electrons, so called “polaritons”, respectively in the same year [39, 40]. 
Thereafter Cunningham and his co-workers introduced the term of surface plasmon 
polaritons [41]. In recent years, SPPs based nanostructures are relevant for the many 
application fields in optics, data storage, solar cells, sensors and surface enhanced 
spectroscopies (SES) [42, 43]. Plasmons and polaritions are both the quantum quasi-
particles which used to describe interaction in a solid. The free electrons in a metal such as 
silver (Ag), gold (Au) and aluminum (Al), can be considered as electron plasma [44, 45]. 
The plasmon is the quasi-particle resulting from the quantization of the plasma oscillation of 
the free electrons gas density. The excellent optical properties of the metals such as 
reflecting the light in visible region or good electrical conductivity of the metal can be 
described with plasmons [5, 46-48]. On the other hand, polaritons are the quasi-particles 
resulting from a strong coupling of electromagnetic waves with electric (or magnetic) 
excitations. SPPs are one of the types of interaction coupling of surface plasmons with light. 
In other words, SPPs are the electromagnetic excitations propagating at the interfaces 
between a conductor (i.e. metal) and a dielectric medium, resulting a field enhancement from 




Figure 2: Schematic illustration of (a) propagating surface plasmon polarition (PSPP) and (b) localized surface 
plasmon polarition (LSPP). 
 
radiation at the metallic interfaces. They are evanescently confined in the perpendicular 
direction. SPPs contains two other sub group  of polaritons, are namely propagating surface 
plasmon polarition (PSPP) and localized surface plasmon polarition (LSPP) [49]. When the 
light interacts with the free-electrons on the metal surface, the surface electrons on the 
metal start to collectively oscillate, absorb and scatter light. For the electromagnetic modes, 
so called PSPP, propagate at the interface between metal-dielectric interfaces in the x-y 
direction. They decay evanescently, exponentially (e-1) in z-direction both in the metal and 
dielectric medium (see Figure 2(a)). For LSPP, when the light interacts with the 
nanoparticle, the free electrons on the conducting band of the metal start to oscillate locally 
around the nanoparticle with a specific resonance frequency (see Figure 2 (b)). SERS relies 
on two main enhancement mechanisms which are widely known as electromagnetic (EM) 
and chemical enhancement (CE) (see Figure 2) [26, 50, 51]. From these two the EM 
enhancement has the main contribution to the SERS mechanism, in the order of 108-1011, 
and will be further discussed in detailed [25, 50, 51]. As compared to this, the signal 
amplification gained from the CE enhancement is in the order of 102-103. Overall, the CE 




Figure 3: Illustration of the different types of enhancement mechanism in SERS (a) chemical 
enhancement (CE), (b) electromagnetic enhancement (EM).  
 
contributions, see Figure 3(a). Firstly, the signal amplification can be gained by the 
chemical interaction of the metallic surface and the molecule in the electronic ground state, 
known as ground-state chemical enhancement. In different situations, the charge-transfer 
(CT) process occurring between the molecule and the conducting band of metallic surface is 
responsible for the effect.  That is, the charge transfer (CT) can occur between HOMO and 
LUMO levels of the adsorbed molecule on the metallic surface whose relative energy 
depends on Fermi level. The last encountered situation is represented by the resonance 
Raman effect of the molecule, also referred to as surface enhanced resonance Raman 
spectroscopy (SERRS). This is achieved by matching the laser excitation with the electronic 
dipole transition energy of the molecule.  
A further contribution to the SERS effect is the influence of the “surface selection rules” at 
the hot spots, which is associated with the local field polarization effect [22, 51, 52].  The 
local electromagnetic field on the metallic nanoparticle shows evanescent properties and the 
target analyte in close vicinity to the metal surface are strongly affected by the gradient 
field. Due to the diagonal component over the Cartesian coordinate of the Raman tensor, the 
Raman modes that are perpendicular to the surface dominate in the SERS spectrum due the 
polarizability. Thus, forbidden Raman modes can be observable in the SERS spectra under 
the near-field condition. Furthermore, forbidden electronic transition which is caused by the 
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field gradient can be also observable in the surface resonance Raman spectrum. The SERS 
selection rules can be used to define the orientation of the adsorbed molecule on the metallic 
surface by characterizing the changes in Raman intensities of various modes.  
The plasmons are the key elements for the EM mechanism which, in turn, is the main 
contributor to the SERS enhancement mechanism. The interaction of an electromagnetic 
field with metallic nanoparticles can be analyzed with a simple model employing the “quasi-
static approximation”. For this, an isolated metallic sphere whose size is much smaller than 
the incident wavelength (a≪λ), having a dielectric constant ε𝑖 is considered. Further on, the 
metallic sphere is embedded in medium having a dielectric constant of ε𝑜 and it is 
interacting with an incident electromagnetic field, Ein, which points the z-direction. Under 
those defined conditions, Maxwell´s equations can be solved and approximated by LaPlace´s 
equation and the resulted field outside the sphere 𝐄𝒐𝒖𝒕 can be written as: 






(𝑥𝒙 + 𝑦𝒚 + 𝑧𝒛)]                                                                     (1) 
 
where the first term is the applied field and the second term is the polarization which is 
resulting from an induced dipole of the metallic sphere. Polarizability is denoted by α and x, 
y, z are the Cartesian coordinates, r is the radial distance and the magnitude of the inside and 




𝑎3                                                                                                                   (2) 
When the real part of ε𝑖  equals −2ε𝑜  and the imaginary part of  ε𝑖  is much smaller than 1, 
the polarizability, α, becomes very large and consequently, the resulting field is enhanced. 
The SERS enhancement factor, 𝓕, shows a fourth-power dependency of the electromagnetic 
field, |𝐄|4, and can be written as [51, 53, 54]: 














                                                                          (3) 
where 𝓰 is the local field enhancement of the scatterer at the laser excitation frequency for 
all linear optical process and 𝓰´ is the local field enhancement at the Raman frequency. The 
first part of the SERS enhancement, 𝓰, depends on the laser frequency matching of the 
plasmonic profile of the SERS-active substrates. Moreover, the second part of the 
electromagnetic SERS enhancements, 𝓰´ is the modified re-emission of the Raman modes 
from the nanoantenna. Even though these two terms have different definitions, the common 
physical origin is the coupling the surface plasmon resonances for both enhancement 
19 
 
mechanisms. Figure 3 (b) illustrates the electromagnetic enhancement mechanism in SERS. 
Briefly, EM arises from the optical excitation of the LSPP of the metallic nanostructure, 
amplifying the electromagnetic field at the particle surface, and also from the induced 
polarization that generates a large local field. Additional to this, the Raman signal originates 
from the vibrational transition of the molecule with these electromagnetic fields.   
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1.3 Current State of Art: Fabrication of Plasmonic 
Nanostructures Strategies  
The SERS effect strongly depends on the optical properties of the SERS-active substrate 
[55, 56]. Among these, the physical morphology (such as size and shape) and the 
composition of the metallic nanostructure are playing an important role for the LSPP and 
adsorption of the target molecule [45]. Thus, design and fabrication of the SERS-active 
substrates has been an active research area employing nanotechnology and tailoring the 
features in the nanometer size scale.  
The first SERS substrate was developed by employing roughened silver electrodes. Since 
then various plasmonic nanostructure fabrication approaches have been developed [29, 55]. 
Plasmonic substrates were first prepared by electrochemical oxidation and reduction cycles 
with random and no uniform distribution. Another preparation procedure consisted of 
synthesizing the nanoparticles by wet chemistry [57, 58] or laser ablation [59, 60] 
fabrication methods. These resulted in a large size distribution. The third substrate 
fabrication procedure is by employing chemical synthesis. This results in a more controlled 
size and shape distribution of the prepared nanoparticles. Lastly, by developing self-
assembly techniques or lithographic methods over the last 20 years it was possible to better 
control the size and shape of the nanoparticles and to achieve a well-defined interparticle 
spacing by employing a template. As a consequence, SERS applications in trace-level, 
quantitative analysis nowadays benefit from more defined and controllable size and shape 
definition of the nanostructures over a large surface area coverage. Combining the 
concluding remarks from the literature [25, 29, 55, 61], one can define an ideal SERS array 
as follows: 
(1) The SERS-active surface should provide large SERS enhancement down to molecular 
trace detection. 
(2) The metallic nanoparticle should be arranged periodically or regularly or aggregated 
forms. The physical morphology such as the size and the shape should be well defined and 
well controllable. 
(3) The SERS signal intensity should be homogenous and reproducible across the surface, 
array-to-array, point-to-point, and batch-to-batch.  
(4) SERS substrates from different fabricated batches should be reproducible (batch-to-batch 
reproducibility). 
(5) The SERS-active substrate should be insensitive to the environmental conditions such as 
oxygen, light and humidity. 
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(6) It should have long-term stability. After their storage, the SERS signal of the substrate 
should still be uniform and provide an efficient enhancement. 
(7) The plasmonic surface should be biocompatible. The target analyte must be in close 
vicinity to the metallic surface and the hydrophobicity or hydrophilicity of the substrate 
should be easily tunable. 
(8) The SERS background of the substrate should not overlap with the SERS intensity of 
the target molecule.  
(9) The target analytes, also weak adsorbates, should be detectable without any resonance 
Raman Effect.  
(10) The substrates should be cost-efficient and should have an easy preparation protocol. 
(11) Plasmonic arrays should be easily transported at the point of sampling. The designed 
SERS-active substrates should be readily integrable into simple analytical system. 
Based on the above criteria, different SERS substrates preparation strategies have been 
developed during the thesis. In the following section two main fabrication concepts are 
introduced: (i) top-down and (ii) bottom-up fabrication techniques [1, 16].  
 
(i) Top-Down Techniques 
The top-down fabrication strategies generally result in well-ordered and highly periodic 
plasmonic arrays [55, 62-69].  They can be prepared with high reproducibility and 
structural homogeneity. This method implies that the nanostructures are synthesized by 
removing building blocks from the substrate (see Figure 4). There are several subgroups in 
the top-down fabrication strategies, such as electron beam lithography (EBL), ion etching 
and ion beam etching EBL-based processes, nanoimprint lithography (NIL), template 
stripping fabrication method and etc. [55]. For example, the EBL is one of the most 
common and well known fabrication processes employing a focused beam of electrons to 
create periodic plasmonic nanostructures. Besides the advantage of the high reproducibility 
and periodicity, these techniques require high costs due to their laborious instruments and 
are time consuming. Despite their reusability as template structures, their applicability as an 






Figure 4: Schematic representation of top-down and bottom-up plasmonic nanostructure fabrication. 
 
(ii) Bottom-Up Fabrication Techniques  
The bottom-up fabrication synthesis implies that the nanostructures are prepared generally 
onto solid substrate by building-up the smallest elements of the molecules such as atoms by 
atom, or molecule by molecule, which further stack onto each other, resulting nanostructure 
formation [1, 16]. Thus, the bottom-up approach can be described as a synthesis approach 
where the building blocks are added onto each other to form nanostructures, or simply as 
bottom-to-top synthesis procedure (see Figure 4). Generally, this novel approach is 
conceptually imitating the nature, such as the building blocks of body: atoms to molecules, 
molecules to cells, cells to tissue, tissue to organs. 
The bottom-up approach has many advantages compared to other existing techniques (e.g. 
top-down preparation procedures). In the case of nanoparticle synthesis employing wet 
chemistry, high amount of chemicals are used during the preparation, resulting in a high 
throughput nanostructures fabrication. The produced nanostructures then have less defects, 
more homogenous chemical composition and present complex physical properties. Because 
of employing atoms or molecules as a starting point of the fabrication process, this approach 
allows the achievement of smaller geometries of the nanostructures. Furthermore, it is much 
easier and cost-efficient to form thin films or monolayer structures. Moreover, by utilizing 
the chemical concept of placing molecular-scale components together, self-assembled 
nanostructure arrays can be formed in a well-ordered manner.  
Metallic nanoparticles in an aqueous solution environment are one of the most commonly 
used plasmonic active materials for the SERS applications [25, 71-74]. These well-
established silver and gold nanoparticle preparation methods has been used in many SERS 
applications. Generally, metallic nanoparticles are prepared employing wet chemical 
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synthesis with fast and simple procedures [55]. Among these, chemical reduction is the 
most common employed method for the silver nanoparticle (AgNPs) preparation [75]. The 
reduction of various silver ions (Ag+) in aqueous solution leads to an elemental formation of 
silver (Ag0) by employing common reductants such as borohydrides, citrate, hydroxylamine 
ascorbate or elemental hydrogen. The resulting colloidal silver has several nanometer size 
particles. Even though Lee and Meisel introduced citrate-reduced AgNPs synthesis in 
1975s, this is still the most common used silver nanoparticle preparation [75, 76]. The 
SERS intensity dramatically depends on the number of “hot-spots” in the detection volume 
[77, 78]. By adding some salts e.g. KCl, NaCl to the silver solution silver aggregates are 
formed and, as a result, the SERS intensity is increased due to the formation of a higher 
amount of hot spots. Moreover, citrate-reduced nanoparticle preparation can be also used for 
gold nanoparticles (AuNPs). Besides Lee-Meisel protocol, Leopold and Lendl [79-87] in 
2003 a fast and simple protocol for synthesizing AgNPs at room temperature by reducing 
silver nitrate with hydroxylamine hydrochloride. The resulting silver colloidal solution 
presents a narrow plasmonic profile and a background-free SERS intensity. 
Nanoparticles in aqueous solution have several advantages by means of fast and easy 
preparation steps. However, their SERS performance is often hindered by the low batch-to-
batch reproducibility and poor stability of metallic colloidal solution [55, 88-90]. Thus, 
core-shell nanoparticles synthesis offers the option of encapsulating single metallic 
nanoparticles with different dielectric media, such as silica [91-94]. In this manner, 
encapsulated nanoparticles have longer stability and longer shelf-life as compared to metallic 
colloidal solutions. Furthermore, the desired dimensions of the nanoparticle can be 
controlled and the dielectric surface modification can be easily tuned. Generally, AuNPs 
with silica shell are the most common used core-shell nanoparticles. For their preparation 
first, the gold colloidal solution is prepared by adding pH-activated sodium citrate solution 
to the AuNPs suspension. Desired silica thickness can be controlled [95]. These 
encapsulated metallic nanoparticles have been used for drug delivery, cell sensing, or 
chemical sensing not only due to their broad plasmon resonance covering the spectral range 
between 500 nm to 800 nm, but also due to their increased stability [92, 96, 97].  
Further on, a straightforward way to form well-ordered plasmonic arrays is the self-
assembly of bottom-up nanoparticles from the colloidal solutions [98, 99]. This fabrication 
method is easy-to-handle, cost-efficient and integrable to planar and non-planar surfaces. 
Self-assembly nanostructures can occur due to the minimum energy state caused by the 
electrostatic interactions between molecules and nanoparticles, biomolecular conjugation or 
applied external electric field. The nanoparticles can form different patterns of various 
complexities starting from one dimensional (1D) to three dimensional (3D) arrays [100-
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106]. The main advantage of the self-assembled nanostructure method is its simple 
fabrication steps allowing the formation of relatively well-ordered plasmonic arrays. Even 
though the technique is cost-effective and allows for mass production of substrates compared 
to lithographic techniques, the uniformity of the arrays is not as reproducible as the one 
prepared by EBL. 
Another method to fabricate more complex structures is using seed-mediated nanoparticle 
growth mechanism [58, 107]. In this approach, small metallic nanoparticles are used as a 
seed and are added into metal salt and reducing agent solution. To do so, the surface of the 
metal is used as a seed and catalyzes the reducing the metal salts.  As a result, controlled 
physical morphology and complexity of the nanostructure in 1D to 3D can be achieved. 
Employing with these techniques, nanostars, nanorods, nanocages, nanowires to much more 
complex and hierarchical nanostructures like nanoflowers, nanoforests can be fabricated 
[108-115]. By using colloidal metallic nanostructures as a seed, immobilized 3D 
homogeneous as well as heterogeneous spiky and fractal nanostructures can be obtained on 
solid substrates. There are two approaches for the immobilization of the seed-mediated 
growth nanoparticles on the planar surface. The first approach is to link the pre-synthesized 
nanostructures to the substrate. The second approach is to grow the nanoparticle directly on 
the substrate. The most common technique is to employ a gold layer on the substrate as a 
seed and then use materials e.g. Au, ZnO, TiO2, SiO2 for the growth. In conclusion, these 
materials provide high SERS enhancement with an increased number of hot-spots and have 
high monodisperse properties. Fabricating plasmonic arrays with specific orientation and 
high stability still maintains its challenges. Template-based fabrication methods offer the 
opportunity of developing complex and periodically arranged nanostructures across on large 
scale [116]. Template synthesis refers to the use of pre-fabricated nanostructured materials 
with a specific orientation. Herewith, the long-term stability of the plasmonic nanostructure 
can be increased and these structures can be easily stored until needed and then metal 
coating can be applied for developing the required chemical or biochemical applications. 
There are several ways to create templates, among which there are colloidal templates, 
surface mask templates, surface templates, biological templates and sacrificial templates 
[116]. The most commonly used regular arrays are the polystyrene (PS) and other silica 
sphere ones. These were introduced by R. Van Duyne and his coworkers, and are known as 
nanosphere lithography (NSL) [117-127]. Here, monolayers of self-assembled nanospheres 
are transferred to the solid substrates and then additional silver or gold deposition is applied 
onto the NSL. Finally, the nanopsheres are removed and only holes with defined lattice 
structures remain. Similar structures can also be fabricated by assembling SiO2 spheres or 
quantum dots towards building two-dimensional to three-dimensional nanostructures. 
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Another often enquantered templated technique is employing pre-fabricated quartz EBL 
structures having various geometries and only requiring a metal deposition to be performed 
short before the SERS measurement [128]. Further on, employing porous materials, e.g. 
anodic aluminum oxide (AAO) or polyacrylamide polymers (PP) particles, after the metal 
deposition, can result in the formation of a skeleton which allows for the diffusion of the 
target analyte inside the 3D hot-spots of the detection volume [116, 129]. Furthermore, 3D 
hierarchically designed nanostructures which are form due the specific growth mechanism 
can be used as templates for various metallic depositions [130]. Besides using inorganic 
materials as a template, biological and organic nanostructures can also be used to mask 
nanostructures [131-133]. A large variety of biomolecular structures, with different 
functionalization groups, are available to bind or to synthesis nanoparticles. DNA strands 
are one of the powerful options for templating the assembly of nanostructures due to their 
easy to use and readily existing oligonucleotides synthesis. By means of programming the 
chemical interactions and different chemical functionalization these allow for the building of 
nanostructures in 1-, 2-, 3D geometries. In addition to using biological molecules as 
programmable nanotemplates, biological organism also provide natural scaffold for template 
based nanostructures with much more complex and regular geometries [116, 134]. 
Butterfly wings, viruses, fungus and their spores and bacteria also can be used as template 
due to their excellent and inimitable geometries [135]. Lastly, one of the widespread and 
versatile approaches to generate complex plasmonic architectures is to use sacrificial 
templates. This template method undergoes destructive chemical transformation resulting 
in completely different and new nanomaterials maintaining its starting orientation [55, 
119]. This is in contrast to core shell nanoparticle as in these synthesis approach the 
morphology of the nanoparticles change during the sintering process, resulting in 
impressive arrays of shapes. Also, destructive etching and chemical reactions can occur. By 
controlling the chemical reaction properties such as precursor, temperature and pressure, 
morphology of the nanostructure can be controlled. In conclusion, template technique has an 
advantage of resulting in nanostructures with simple and well-defined geometries as well as 
nanostructures that have much more complex morphologies. Furthermore, this approach 
offers control over the dimensions, morphology and an improved long-time stability. Due to 
the wide range of plasmonic materials that can be deposited onto templates, the desired laser 
excitation can be tuned for the relevant SERS application.     
Besides various bottom-up plasmonic fabrication strategies, those are mentioned above, 
protection of those developed nanostructures against oxidation and contamination, or to 
create biocompatible surfaces, or to tune their plasmonic properties, is an emerging field in 
plasmonics [136, 137]. Thus, ultra-thin film coating on developed micro/nanostructures 
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employing atomic layer deposition (ALD) is one of the most promising thin-film deposition 
techniques and it can be counted as one of the sub-group of bottom-up fabrication strategies. 
It is based on sequential use of a gas phase chemical process and it is considered to be the 
subgroup of chemical vapour deposition (CVD). In particular, ALD is used to coat the 
plasmonic substrate to prolong the shelf-life or to functionalize the surface for improving its 
biocompatibility. Furthermore, due to its unique property of pin-hole free surface deposition, 
the optical properties of the plasmonic materials can be tuned easily. Moreover, a wide range 
of materials can be grown by ALD, including Al, Ti, Ni, Zn SiO2, Al2O3, TiO2, nitrides and 
sulfides [138, 139]. In a typical ALD reaction, two types of precursors (e.g. “A” and “B”) 
sequentially react with the surface until the desired thickness is reached. Figure 5 shows a 
schematic representation of ALD process. This consists of gaseous chemical precursors 
which react with the surface. First, the starting surface is exposed to the precursor “A” into a 
chamber, under vacuum, for a designed amount of time. In this process, the precursor totally 
reacts with the surface through a self-limiting process which forms a continuous monolayer 
on the surface. This is followed by purging the surface with an inert gas (typically N2 or Ar) 
to remove unbounded molecules from the by-products. Then, the second precursor “B” 
(generally H2O) is injected to the chamber. This is again followed by a step consisting in 
purging an inner gas to  the chamber to remove the unbounded molecules. Each step self-
saturates when all the binding sites are occupied. Furthermore, each cycle is highly 
reproducible. By repeating these cycles, the desired film thickness can be control with atomic 
precision over a large area. Thus, ALD benefits not only from pin-hole free or film density 
over a large surface area but also from  
 




thickness uniformity and conformity. By employing a wide range of gaseous precursors, 
ALD reactions can be performed at temperature 30-250°C, which is below typical CVD 
process. The capability of coating thin films with ALD at low temperatures, allows for the 

















2. Own Research  
2.1 Label-Free SERS-based DNA Detection Employing EGNPs 
as an Efficient Bottom-Up Plasmonic Arrays [SY1] 
Sensitive and selective label-free DNA detection has become an emerging research in the 
field of gene profiling, forensic analysis, food safety, disease diagnosis, pathogen and 
hazardous chemical detections. There have been various DNA detection methods, including 
colorimetry, electrochemical, impedance, fluorescence detection, surface plasmon methods 
and spectroscopic techniques. One of the scopes of this thesis is to develop reliable, fast, 
simple, low-cost and sensitive label-free SERS-based DNA detection platform covering the 
entire analysis chain for the practical applications. Within this contribution, one of the most 
perilous plant pathogen was detected by employing novel label-free SERS-based plasmonic 
arrays.  
To realize an ideal plasmonic substrate with high SERS performance, plasmonic arrays 
should fulfill some criteria. These have been already introduced and discussed in chapter 1.3. 
According these guidelines, enzymatically generated silver nanoparticles (EGNPs) are 
predominantly suitable for developing SERS based applications. These silver nanoparticles 
are prepared through bottom-up plasmonic technique and are relatively cost-effective and 
easy-to-prepare. Furthermore, these nanoparticles are readily integrable into simple 
analytical system and easily transportable at the point of sampling [140, 141]. EGNPs were 
generated by an enzyme-induced growth process on a planar substrate (see Figure 6). 
Briefly, biotin labeled single stranded DNA (ssDNA) was immobilized onto pre-cleaned 
glass substrate. Streptavin-horseradish peroxide (HRP) complex was bounded to the biotin 
labeled ssDNA and catalyzed towards the enzymatic generation of nanoparticles from a 
silver solution. Closely-packed, spiky and sharp features of “desert-rose” like silver 
nanoparticles with a particle size approximately 500 nm were formed (see Figure 6). These 
nanoparticles are reproducible and easy-to-prepare bottom-up plasmonic arrays and have 
been already reported in the study of  [142]  and [143]. They present a broad-band 
plasmon absorption (450-1000 nm) covering the entire visible (VIS) and near-infrared (NIR) 






Halas and her co-workers [144] introduce an elegant label-free detection scheme for specific 
DNA hybridization. As adenine presents characteristic and dominant Raman profile 
compared to the other nucleobases (guanine (G), thymine (T), cytosine (C)) and it can be 
used by the authors as a significant marker in the SERS spectra. However, due to the 
existence of adenine both in capture probe and target sequence, this property is hampered. 
This drawback was atoned by the usage of 2-aminopruine (2-AP) in the capture probe to 
generate adenine-free capture probes. 2-AP is an identical isomer of adenine and forms 
canonical Watson-Crick base pair. This was applied to record specific DNA interaction of 
Phythophthora ramorum (P. ramorum ) plant pathogen from an infected Rhododendron leaves.  
Within the frame work of this thesis, detection of label-free DNA hybridization, the DNA 
isolation and amplification play important steps for the successful pathogen detection. For 
this, P. ramorum infected plants was chosen from Rhododendron leaves. DNA extraction was 
performed by combining a mortar and pestle methods that were described at S. Julich et al., 
2011 [145] and T. D. Miles et al., 2015 [146]. LATE-PCR was applied for the amplification 
of the yeast GTP-binding protein (Ypt1) target gene of P. ramorum. Thus, sufficient amount 
of single-stranded DNA (ssDNA) was generated. In Figure 2 [SY1] illustrates the 
schematic illustration of the species DNA hybridization on EGNPs is illustrated. After the 
production of EGNPs, species-specific capture probes which contain 2-aminopurine (2-AP) 
instead of adenine were immobilized on the EGNPs. Bovine serum albumin (BSA) was used 
for blocking the unspecific binding sites of DNA. Finally, adenine containing target DNA 
was used for the hybridization.DNA-based detection of P. ramorum was covered applying the 
whole analysis chain and this can be listed as follows: (i) extraction of the DNA from 
infected leaves; (ii) isolation gDNA that was used as a template for the amplification of Ypt1 
target region by LATE-PCR; (iii) hybridization assays on EGNPs plasmonic assays; (iv) 
label-free SERS detection (see in Figure 3 [SY1]). 




Further on, fluorescence microscopic detection was performed for the verification of the 
hybridization assay on the plasmonic arrays. Thus, two different capture probes, one for the 
target species P. ramorum and one for the closely related target species P. lateralis, were 
chosen and immobilized on the plasmonic arrays. Afterwards, blocking using the surface 
with using BSA, hybridization and washing steps were performed as previously described. 
Figure 4 [SY1] shows the fluorescence microscopy images for the verification of the DNA 
hybridization assays on EGNPs. Hybridization was performed by employing the FITC-
labeled ssDNA of P. ramorum, which has a length of 30 nucleotides. The highest 
fluorescence signals were observed for the P. ramorum-specific capture probes that were 
completely matched to the target DNA. On the other hand, weak fluorescence signal were 
recorded for the P. lateralis capture probes where the hybridization did not occur. Thus, the 
functionality of the hybridization assay was verified successfully for the specific detection of 
P. ramorum.  
After the verification of the DNA hybridization employing fluorescence microscopy, label-
free SERS detection of P. ramorum DNA was performed. For this, short single stranded 
target DNA of (a length 30 nucleotides) P. ramorum were selected. DNA extraction was 
performed from the real infected plant samples, and later DNA amplification and PCR were 
followed by recording the SERS spectra. Two different adenine-free capture probes were 
selected for the target species P. ramorum and the non-target species P. lateralis.  
Immobilizations of the ssDNA on the EGNPs were followed by the hybridization procedure.  
Figure 5 [SY1] represents the mean SERS spectra of the hybridized P. ramourm (showed by 
a red line), Phythophthora lateralis (P. lateralis) (showed by a black line) capture probes and 
the background of the SERS substrates (showed by a grey line). A broad carbon signature 
observed in the spectral range between 1200 and 1600 cm-1 is visible for the SERS spectra of 
P. ramorum and P. lateralis capture probes. This is related to the burning effect induced by 
the plasmonic surface due to applying a long exposure time for the measurement, which 
further lead to enhanced electromagnetic effect on the surface. Characteristic Raman modes 
of cytosine and adenine were hampered by the high carbon background between 1200 and 
1600 cm-1. Furthermore, the Raman band observed in the SERS spectrum of P. ramorum 
(where the hybridization with the target DNA) at 1420 cm-1 was assigned to the ν(C–C) 
vibration of cytosine occurred. The ν(C–C) and ring breathing vibration modes of guanine 
were observed at 1179 cm-1 and 667 cm-1. The most typical and dominant Raman mode of 
adenine at 732 cm-1, which is assigned to aromatic ring breathing, was also successfully 
recorded. As compared to this, the SERS spectra of the non-target species P. lateralis did not 
show any characteristic adenine-related modes. This indicates that no hybridization 
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occurred. To sum up, the SERS spectrum of the specific binding of the P. ramorum target 
DNA to the matching capture probe was successfully recorded by employing the label-free 
SERS-based detection assay. Next, in order to show the applicability of the label-free SERS 
detection technique for the practical pathogen detection, P. ramorum DNA was isolated from 
the real infected Rhododendron leaves. For this the amplified PCR product, having a length of 
450 nucleotides, was used. Similarly to the SERS spectra of the short target DNA fragment, 
Figure 6 [SY1] displays the SERS spectra of the target P. ramorum capture probes (showed 
by a red line), the non-target P. lateralis capture probes (showed by a black line) and the 
background of the SERS substrate (showed by a grey line). The characteristic Raman 
vibrational modes of guanine at 1081 cm-1 and 668 cm-1 were observed in the SERS spectra 
of P. ramorum. Moreover, the Raman bands of thymine at 1234 cm-1 and cytosine at 1292 
cm-1 are visible in the SERS spectra of the P. ramorum. First, the typical vibrational modes of 
adenine at 1384 cm-1 and 732 cm-1 were recorded in the SERS spectra. Analogous to the 
previous results, the presence of the dominant peak of adenine at 732 cm-1 in the SERS 
spectra served as an endogenous marker compared to the non-target P. lateralis. In 
conclusion, by substituting adenine with 2-AP in the capture probes, the specific 
hybridization of the P. ramorum target DNA could be successfully recorded for long PCR 
product from real infected leaves.  
Despite the fact that SERS-based DNA detection offers great potential regarding the 
achievement of high sensitivity and specificity, it is still challenging to record good, 
reproducible spectra by means of batch-to-batch and day-to-day recordings. For this reason, 
independent experiments were performed using developed label-free SERS-based DNA 
detection assay. Figure 7 [SY1] shows the normalized integrated SERS intensity at 732 cm-
1 for the matching target (P. ramorum), the non-matching target (P. lateralis) and the 
background of the SERS substrate. It is clearly visible that the integrated SERS intensity at 
732 cm-1 shows the highest values, having a relative standard deviation (RSD) between 40.6-
46.4%. The high RSD of the SERS signal can be explained by three effects: (i) different 
orientations of the DNA on the metallic surface, (ii) inhomogeneous coverage of BSA on 
silver nanoparticle, (iii) oxidization of the EGNPs during the immobilization of the ssDNA 
and the hybridization.  Thus, the results are not sufficient for quantitative analysis, but the 
SERS-based DNA hybridization can be monitored without employing labels for 
bioanalytical applications.  
The well-established EGNPs provides reliable and thermally stable SERS assay for the 
detection of label-free Phytophthora ramorum. Even though the hybridization of the target 
DNA can be clearly and rapidly visible in the SERS spectra, the quantitative detection of 
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DNA is still challenging.  Due to the organic solvents during the hybridization steps, the 
silver surface oxidizes, resulting a poor point-to-point SERS signal reproducibility and 
decreased sensitivity with a high RSD. Furthermore, the SERS background SERS signal of 
the EGNPs has characteristic Raman bands in the SERS spectrum which dominates the 
SERS spectra of the target analyte and decreases the sensitivity of the plasmonic arrays. 
Thus, precisely controlled ultra-thin dielectric coating on EGNPs was required not only for 
increasing the stability and sensitivity of the substrate but also for increasing the durability 
of the silver against the possible oxidation. In the next chapter, an ultra-thin dielectric film 
coating of Al2Os was applied on the surface of the EGNPs. The morphological as well as the 
SERS characterization of alumina coated EGNPs were studied.  
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2.2 Increased Sensitivity, Specificity and Shelf life of EGNPs by 
Using PE-ALD to Create Al2O3 [SY2] 
 
Modelling of ideal plasmonic structures is very essential for expanding the applicability of 
the SERS substrates towards bioanalytical applications. This is especially important as most 
SERS-active substrates present high SERS background signal, poor SERS reproducibility 
(e.g. batch-to-batch, point-to-point), short shelf-life and inadequate bio compatibility. One of 
the objectives of this thesis was to increase the SERS performance of the EGNPs by means 
of achieving background-free, increased sensitivity, specificity and longtime stability for 
bioanalytical applications. Within this context, a thin layer of aluminum oxide (Al2O3) was 
coated on the EGNPs by employing atomic layer deposition (ALD). This well-established 
thin film growth technique allows pinhole-free dielectric coating with high conformity for 
SERS applications.  
Thus, in this study [SY2] the background contribution of the EGNPs was explored in 
detail by employing SERS.  EGNPs were produced in an arrayed order on the glass 
substrate as already shown in Figure 6 and Figure 1 [SY2]. Closely packed “desert-rose” 
like silver nanoparticles was produced via HRP catalyzed redox reaction. In this catalytical 
process, depicted in Figure 1 (b) [SY2], an oxygen atom is detached from the hydrogen 
peroxide (H2O2) and bound to the prostethicheme group of the enzyme. This causes a 
change of the iron oxidization state. In this manner, the silver ions (Ag+) reduced to 
elementary silver (Ag0) and hydroquinone (HQ) is oxidized to p-benzoquinone (p-BQ). By 
employing high-resolution TEM imaging, the organic residues (light grey area in the TEM 
image) from the redox reaction on the silver nanoparticles (dark grey area in the TEM 
image) can be visible, (see Figure 2 [SY2]). Here, the carbonaceous layer did not cover the 
whole silver surface but it varied from 2 to 25 nm. This inhomogeneous residue layer from 
the redox reaction causes fluctuation of the SERS signal across the surface area and 
decreases the reliability of the SERS substrate. Furthermore, Raman signal from the 
adsorbed molecules on the silver surface, further referred to as the Raman background 
signal of the EGNPs, was recorded is depicted in Figure 3(a) [SY2]. Here, the strong 
Raman mode at 1391 cm-1 was assigned to the combined contribution of ν(C-C) and ν(C-H) 
vibrations of p-BQ. Furthermore, the other vibrational modes at 945 cm-1, 800 cm-1, 1019 
cm-1, which were assigned respectively to ν(C-C) and ν(C-H) of p-BQ, in plane vibration of 
HQ and ν(C-C) vibration of the HQ-p-BQ complex, are also visible in the SERS spectra. 
Lastly, a further contribution to the background signal can be assigned to the citrate 
solution used during the EGNPs preparation. This band occurs at around 1400 cm-1 and 945 
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cm-1 due to the vibrational modes of ν(COO) and ν(C-C) respectively. This strong 
background signal of the plasmonic substrates not only limits the detection of the target 
molecule but also decrease the SERS reproducibility.  
In order to remove the residues from the SERS substrates, various thickness of Al2O3 (0.5, 1, 
5, and 10 nm) dielectric coating were applied on the EGNPs by employing ALD. Figure 3(b-
f) [SY2] shows the SERS spectra of the Al2O3 coated EGNPs. During the first few cycles of 
ALD, the dielectric layer started to form island growth on the surface of the EGNPs. Upon 
formation of an increased layer thickness of Al2O3, the background signal of the SERS 
substrates, which is normally dominated by bands centered at 1391 cm-1, 1019 cm-1 and 945 
cm-1, was relatively quenched. This could be attributed to the “cleaning effect” of the surface 
ALD.  
To analyze the influence of the dielectric coating on the EGNPs, the SERS measurement of 
10 µM of riboflavin in aqueous solution, as a model analyte, was performed. Figure 4 [SY2] 
shows the integrated SERS intensity at 1342 cm-1 of riboflavin as a function of the Al2O3 
thickness (nm). It can be clearly visible here that the highest SERS intensity was observed in 
the case of the thinnest coating layer, 0.5 nm. In this case a low RSD was also achieved due 
to the high conformity on the surface. Furthermore, the SERS intensity decreased for the 
increased coating thickness. Nevertheless, in order to ensure that the dielectric layer is 
completely closed, 1nm of Al2O3 coating was chosen for the further characterization 
experiments. 
The chemical characterization of the coated (1 nm Al2O3) and uncoated SERS active surface 
was performed by energy dispersive X-ray spectroscopy (EDX). Figure 5 [SY2] shows the 
EDX spectra of the coated and the uncoated EGNPs. Here, the intense peak at 2.99 keV was 
detected for both the coated and uncoated EGNPs and was assigned to the silver Lα 
emission line. The peaks at 1.49 keV and 0.52 keV observed for the coated EGNPs 
corresponds to the K lines of aluminum and oxygen. Their presence proves that the 
successful Al2O3 coating was achieved. In contrast to the coated EGNPs, for the case of the 
uncoated ones no oxygen peak was found. The peak at 0.27 keV was assigned to carbon due 
to the underlying material of silver nanoparticles. 
After investigating the chemical characterization of the coated (1 nm Al2O3) and uncoated 
EGNPs, the point-to-point and batch-to-batch SERS reproducibility were studied. For this 
reason first, the characteristic Raman mode of riboflavin at  
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 Figure 7: SERS reproducibility of uncoated and coated EGNPs: (a) Point-to-point SERS 
reproducibility of (a) uncoated and (b) coated (1nm Al2O3) EGNPs. Batch-to-batch SERS 
reproducibility of (c) uncoated and (d) coated (1nm Al2O3) EGNPs.  
 
1625 cm-1 was integrated and plotted in Figure (7) (a-b) as a function of the spectrum 
number. As depicted in Figure (7) (a-b), the RSD of the SERS intensity for uncoated and 
coated EGNPs are respectively 12.95% and 10.8%. The measured RSD of SERS intensity 
shows that the point-to-point SERS reproducibility of the uncoated EGNPs is adequate for 
an ideal SERS substrate. This is due to the densely and multilayered packed silver 
nanoparticles. However, upon implementation of the atomic scale precision of ALD, the RSD 
of the point-to-point SERS reproducibility of the coated EGNPs was decreased. Similarly to 
the point-to-point analysis, the Raman mode at 1625 cm-1 was also plotted as a function for 
individual batches of the substrates. Figure 7(c-d) shows the batch-to-batch SERS 
reproducibility of the uncoated and coated EGNPs respectively. The RSD of the five 
different batches for uncoated EGNP substrate is between 3.8-18.5%. However, after coating 
the EGNPs with an ultrathin film of Al2O3, the RSD of the five different batches were 
decreased to values in between 2.6-10.3%. These investigations show that not only point-to-
point but also batch-to-batch SERS reproducibility of the coated EGNPs revealed increased 
SERS performance compared to uncoated EGNPs.  
In order to access the sensitivity of the coated and uncoated EGNPs, the quantitative 
detection of riboflavin at different concentrations, was studied. Figure 6 [SY2] illustrates 
the limit of detection (LoD) of riboflavin for coated and uncoated EGNPs. Here the 
characteristic Raman mode at 1625 cm-1, assigned to ν(C-C) vibrational mode of the benzene 
ring, was integrated and plotted as function of the concentration. It has been determined 
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that the detection limit of riboflavin for using the uncoated EGNPs was down to 0.2 µM, 
with a RSD of around 20%. This high RSD was correlated to inhomogeneous residuals on 
the silver nanoparticle due to the redox reaction. However, the detection limit of coated 
EGNPs was down to 10 nM with a decreased RSD due to the existing, atomic scale precise, 
dielectric coating. In summary, the thin-film Al2O3 coating of the EGNPs not only quenched 
the background signal but also increased the sensitivity of the plasmonic arrays down to the 
detection limit of 10 nM of riboflavin.  
In addition to the background-free and increased sensitivity, the ideal SERS substrate 
should be long-term stable. For this, the shelf-life of the coated and uncoated EGNPs was 
analyzed over a period of 12 weeks. In doing so, after the preparation of the coated and 
uncoated EGNPs, they were stored in darkness at ambient conditions for different, required 
previous of time and the SERS intensity of riboflavin was measured weekly. Figure 7 [SY2] 
shows the normalized integrated Raman intensity of riboflavin at 1625 cm-1 versus the week 
number. It was observed that the uncoated EGNPs were oxidized and the SERS intensity 
dramatically decreased after one week. In contrast to the uncoated EGNPs, 1nm Al2O3 
coated silver nanoparticles were stable up to 4 weeks, proving the pinhole free coating on 
the silver surface. 
Biocompatibility of the plasmonic active surface is also playing an important role for the 
bioanalytical applications. Within this context, retinol was chosen to show the potential of 
the alumina coated silver surface. Figure 8(A) [SY2] illustrates the Raman spectra of retinol 
and Figure 8(B-C) [SY2] shows the SERS measurements after and before retinol incubation 
for coated and uncoated EGNPs. When the uncoated EGNPs were incubated in the retinol 
solution, the most predominant Raman vibrational band detected was centered at 1583 cm-1. 
However, when the coated EGNPs were incubated in the retinol solution, the main 
characteristic Raman modes of retinol are detectable due the quenching of the background 
substrates signal. The affinity of the retinol molecule on the alumina surface was stronger 
for the coated silver surface than for the uncoated EGNPs. Due to the binding of the 
molecule to the surface via the OH group a slight shift of the Raman band at 1585 cm-1 to 
1555 cm-1was observed. Thus, typical vibrational bands of retinol can be reliably detectable 
with coated EGNPs due the quenched background signal and high affinity to the dielectric 
surface. 
As an alternative to an Al2O3 coating on EGNPs, an ultra-thin film of SiO2 was also applied 
as a protection layer on EGNPs by employing plasma enhanced atomic layer deposition 
(PE-ALD). However, after the silica coating on EGNPs, 3D hierarchically designed silver-
silica nanosponges, flower-like nanstructures were obtained. These nanostructures provide 
interesting morphological properties such as high 3D surface area. These 3D nanostructures 
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can provide excellent platform for the SERS-based application due to an increased hot-spots 
in 3D volume. Therefore, the morphological, and SERS respond of these new fabricated 






2.3 Hierarchically designed 3D flower-like composite 
nanostructures as an ultra-stable, reproducible and sensitive 
SERS substrate [SY3] 
Conventional one dimensional (1D) and two dimensional (2D) SERS substrates are often 
limited by the number of hot spots in the focus volume. Furthermore, these substrates 
provide low detection limit for the small or non-resonant molecules due to limited number of 
hot spots. Thus, three dimensional (3D) SERS substrates offers large hot-spots volumes, 
which supplies attractive alternative for ultra-sensitive sensors for trace chemical analysis. 
Recent, the top-down fabrication techniques, such as EBL, provides controlled, uniform and 
periodic nanostructures in 3D form. However, these techniques generally require long 
fabrication times and are characterized by a high cost. Another way to fabricate more cost-
effective 3D SERS active substrates is by creating nanotemplates. These substrates are pre-
fabricated, self-standing and present well spatial oriented nanostructures. Template based 
SERS substrates are a convenient and versatile approach due to the various possible 
plasmonic material usage. After the template fabrication, nanostructures can be coated with 
various plasmonic materials (e.g. Ag, Au, Co, Pt etc.) which open diverse application fields. 
Furthermore, these prefabricated nanostructures do not only provide large scale well-
aligned nanostructures but also offer long-term storability. One of the aims of this thesis is 
to develop novel, ultra-stable and easy-to-fabricate hierarchically designed 3D 
nanostructures as an efficient SERS template. 
3D flower-like hybrid nanostructures were fabricated via a simple two-step process, which 
was already described in Chapter 2.3. Figure 1 [SY3] shows the schematic illustration of 
the fabrication procedure of the hierarchically designed 3D flower-like hybrid 
nanostructures. In the first step, EGNPs were fabricated and then various cycles of SiO2 
deposition were applied by employing PE-ALD as a second step.  Figure 2 [SY3] shows the 
scanning electron microscopy (SEM) images of the EGNPs and various fabricated hybrid 
nanostructures. It can be clearly visible that the particle size of the “desert-rose” silver 
nanostructure was around 400 nm, presenting a structure consisting of closely packed silver 
plates. In order to create the 3D hybrid nanostructures, various SiO2 cycles (5, 45, 90, 135, 
and 180) were applied on the EGNPs surface. After 5 cycles of SiO2, the EGNPs 
morphology started to change and formed aggregated porous nanostructures instead of the 
previously spiky features with a size up to 4 µm (see in Figure 2(b) [SY3]).  
The flower-like nanostructure pattern started to form after 45 cycles of SiO2 deposition on 
the EGNPs. The increased number of SiO2 cycle depositions on the surface of EGNPs led to 
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the formation of a more fractal and branch morphology (see Figure 2 (c-f) [SY3]). 
Furthermore, the controlled pillar size of the branches can be obtained by increasing the 
number of SiO2 cycle depositions. The cracking of the surface and the nanoporosity of the 
silver nanostructures can be explained by purposed following mechanism. In standard ALD 
process, in which a stable and non-reactive substrate is used and the homogeneous dielectiric 
coatin is obtained on the surface. However, when the surface is meta-stable, in this case the 
surface is EGNPs, the standard ALD process is not valid anymore. In this study we used 
oxygen plasma with a high energy and pressure (300W and 160 mTorr). During the oxygen 
plasma step in PE-ALD process, the silver surface of the EGNPs is rapidly oxidized and this 
led to a highly stressed layer. Due to the high internal stress of the oxidized silver layer 
causes the cracking of the silver oxide plates and the silver layer above the silver oxide layer 
reveals through the outer surfaces. Due to the thick formation of silver oxide, inner parts of 
the silver oxide films lift the upper layers while the oxygen plasma exposed. By repeating 
these steps in a sufficient manner, the previous silver plates will continuously transform to 
highly stress silver oxide forming a nanoporous structure (Figure 2(b) [SY3]). Meanwhile, 
due to the high operating temperature (120°C) of PE-ALD, the formed silver oxides layer 
were not stable and eventually the silver oxide layer decomposed to elemental silver under 
the release of atomic oxygen. During this oxygen plasma step, a new a new metastable 
surface was created this new metastable substrate acts like a precursor container and 
releases the second precursor over a certain time due to the porosity property. By repeating 
the PE-ALD cycle with a sufficient time, the height of the nanostructure increases, forming 
a flower-like shape. Thus, various hierarchically designed 3D flowers-like hybrid 
nanostructures were achieved via tuning the amount of the PE-ALD cycles. Creating new 
meta-stable substrates during the oxygen plasma in the PE-ALD process will be refered to 
“metastable state assisted atomic layer deposition” (MS-ALD). This novel bottom-up 
nanostructure fabrication strategy was submitted for patent (Mario Ziegler, Sezin Yüksel, 
Dana Cialla-May, September 2016, DE 10 2016 118 440.3). In our study, EGNPs are 
playing a key role in the process and as already reported in [SY2], the inhomogeneous 
residual layer on EGNPs and the fine feature size of silver EGNPs provides excellent 
sacrificial template for fabricating these 3D hybrid nanostructures. 
The fabricated various nanostructures do not show SERS activity. In order to measure the 
SERS spectra, the desired plasmonic material should be deposited on the pre-fabricated, 
above discussed nanotemplate. Figure 4 [SY3] shows a schematic illustration of the work 
flow starting from the fabrication process of the 3D hybrid nanostructures, followed by the 
metal deposition on the nanostructure and ending with the recording of the SERS spectra. 
3D hybrid nanostructures can be used as an ultra-stable SERS template. In order to get high 
40 
 
SERS enhancement, differing flower-like nanostructures (45, 90, 135 and 180 cycles of SiO2) 
were produced and 4 nm of silver was thermally evaporated on four different nanostructures. 
In order to define the optimum nanostructure, the SERS spectra of a 10 µM riboflavin 
solution were measured. Figure 4 [SY3] shows the SERS activity of riboflavin measured on 
the nanostructures (fabricated via 45, 90, 135 and 180 cycles of SiO2). The characteristic 
peaks of riboflavin at 1625 cm-1, 1402 cm-1, 1347 cm-1 and1312 cm-1 can be reliably detected 
with four different 3D hybrid nanostructures. In order to define the optimized nanostructure 
for SERS applications, the SERS intensity at peak centered at 1625 cm-1 was integrated, 
normalized and plotted as function of SiO2 cycle amount. The highest SERS intensity was 
observed for the nanostructure that was produced by 135 cycles of SiO2 on EGNPs. This 
presented a RSD of 14.7%. Afterwards, the optimal silver deposition was investigated by 
accessing the highest SERS performance. For this, the 3D hybrid nanostructure (135 cycles 
of SiO2 on EGNPs) was chosen and different silver thicknesses were applied on it. Figure 5 
[SY3] shows the dependency of the SERS signal response of the 3D hybrid nanostructure 
to the silver thicknesses (0, 10, 20, 30, 40, 50 and 60 nm). 50 nm silver deposited hybrid 
nanostructure yields the highest SERS intensity with as low a RSD as 4.5%. 
The surface functionalization of the SERS substrates, such as one that would provide the 
substrates with hydrophobic and hydrophilic properties, plays an important role for the 
most biomedical applications. Most of the plasmonic substrates are lipophilic and, as a 
consequence, the water insoluble analytes cannot be adsorbed to the metallic surface. Thus, 
recording the SERS spectra of hydrophobic molecules still maintains its difficulty on 
hydrophobic surfaces. Functionalization of the surfaces requires complex, expensive and 
long-time preparation procedures. Within this contribution, hierarchically designed 3D 
hybrid nanostructures (135 cycles of SiO2) provide high hydrophobicity with a contact angle 
of approximately 111°. The influence of the EGNPs micro roughness covered with nano 
roughness of 50 nm silver metal deposition on the nanostructure, further increases the 
performance of the hydrophobicity with a contact angle as high as 125°. This super-
hydrophobic property of the developed substrates serves an excellent SERS platform for the 
analytes solved in organic solvents.  
Even though SERS offers a great potential for bioanalytical applications, plasmonic 
substrates have been hindered by poor batch-to-batch and array-to-array or point-to-point 
SERS reproducibility. The preparation steps of the nanostructures can cause large 
deviations of the SERS intensity due to the inhomogeneous distribution of metalized 
nanoparticles. Thus, the performance of the SERS substrates decreases because of the low 
SERS signal reproducibility. Due to this, several different batches of the SERS templates 
(135 cycles of SiO2) with an additional 50 nm silver deposition were prepared in order to 
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investigate the batch-to-batch SERS reproducibility. 1 µM of riboflavin in methanol was 
used as a model analyte and SERS spectra were recorded. Figure 6(a) [SY3] shows the 
integrated SERS intensity at 1625 cm-1 versus the number of different batches. The RSD of 
the five different batches varies between 8.3 and 17.2%. Likewise, for the point-to-point 
SERS reproducibility, the characteristic Raman mode at 1625 cm-1 was integrated and 
plotted for 400 individual spectra (see Figure 6(b) [SY3]. The RSD of the SERS intensity 
was 16%, which was highlighted as a light grey area. These investigations reveal the 
potential of the developed 3D composite SERS templates to provide high point-to-point and 
batch-to-batch reproducibility of the SERS intensity.  
The quantitative detection of the riboflavin is illustrated in Figure 7(a-b) [SY3]. Here, the 
SERS signal at 1625 cm-1 was integrated and plotted as a function of concentration. It can be 
visible in this plot that the range between 5 to 0.025 µM of riboflavin was detected (see 
Figure 7(a) [SY3]). The comparison of the data with the LOD proves that by employing the 
3D ultra-stable SERS template as a sensor platform, riboflavin can reliably be detected down 
to a concentration of 50 nM.  
Even though hierarchically designed 3D silver-silica nanostructures offers promising SERS 
template for the SERS applications, the fabrication time of these complex nanostructures is 
longer than three hours. Furthermore, complex equipment and specialized operators, that 
increases the overall cost of the fabrication procedure, are needed. To establish reliable 
SERS-active platform that can be easily and rapidly fabricated with an environmental-
friendly procedure and low-costs, high number of batch-to batch fabrication as an alternative 
and novel silver nanoparticle synthesis is introduced by employing using microwave 




2.4 Simple, Fast, One-Step Silver Nanoparticle Formation 
Employing Microwave Irradiation (MW) for SERS  
Application [SY4] 
Several approaches have been reported for the synthesis of Ag NPs and the traditional 
preparation procedures are in-phase reductions solution. The mostly common ways to 
produce AgNPs are in ones requiring the presence of capping agents, stabilizers and organic 
solvents, so employing wet chemistry. These preparation strategies are often risky for the 
environmental ecosystem and might require a long preparation time. Due to the fast and 
high homogeneity of the locally produced microwave heating, the uniform and rapid 
synthesis of nanostructures can be obtained with high control over the shape and 
dimensions, allowing for a rapid synthesis of the nanostructures with high controllable 
shape and dimensions.  
In this part of the thesis [SY4] an easy, fast and environmentally friendly method will be 
introduced for the production of thin films based on self-assembled and homogenously 
covered silver nanoparticles. Furthermore, this closely packed thin film silver is formed 
without using any stabilizing or strong reducing agent. The film can be obtained from the 
mixture of silver acetate and an ethanol/water solution. Different types of reducing agents 
were tested. The morphological, hydrophilic and optical properties of the silver films are 
characterized. The controlled shape and size of various stable films with covering objects is 
documented. To demonstrate their potential, the SERS activity of the obtained AgNPs 
covered substrate was tested with riboflavin as a model analyte. 
In order to optimize the experimental conditions, three different reducing agents were 
chosen, namely ethanol, ethylene glycol and glycerol. These three alcohol based solvents 
were chosen due to their high dielectric loss for MW irradiation, which made them ideal 
solvents for the rapid reduction reactions. Additional to those solvents, silver acetate was 
used as a silver source and the glass substrates were employed as the solid support. Figure 1 
[SY4] shows a photograph of the AgNPs formation, was composed by 2 mL of water, 1 mL 
of ethanol and 1 mg of silver acetate solution, at the glass support employing MW radiation 
at 170°C for 2 minutes. It is clearly visible that the glass substrate was homogenously 
covered with yellowish metallic layer.  
In order to obtain a homogeneous and compact layer, several aspects such as the role of 
temperature, Ag salt concentration and reducing agent amount were investigated first (see 
the supplementary information [SY4]). The optimized reaction mixture  
(1 mL of ethanol, 2 mL of water and 1 mg of silver acetate) reacted at a temperature of 170 
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°C, resulting in a compact and well-defined silver film formation. By using this optimized 
reaction mixture, the particle formation kinetics during the irradiation time was studied. In 
order to investigate the particle formation kinetics, first the temperature was raised about 
2.6 minutes and then the irradiation power was fixed in order to ensure that the temperature 
is constant inside the vial. Then, the microwave irradiation was stopped after 1, 2, 3 and 4 
minutes and the substrates were collected and quickly cooled down to the room temperature. 
Figure 2 (a-d) [SY4] shows the top-view SEM images of the AgNPs films obtained after 1, 
2, 3 and 4 minutes stopping the MW irradiation. The Figure 2(e) [SY4] shows the top-view 
SEM images of the film that resulted from 2 min irradiation at a constant temperature of 
170°C and initial heating time of 2.6 min. Figure 2(f) [SY4] illustrates the variation of 
temperature and pressure during the reaction as a function of time. The silver film was 
transparent with few particles on the surface and a particle size of approximately 30 nm 
when the pressure was 1 bar and temperature was 110°C (see Figure 2(a) [SY4]). After two 
minutes, the surface was covered with nanoparticles with a yellowish color when the 
pressure was 7 bars and the temperature was 150°C (see Figure 2(b) [SY4]). When the 
temperature and pressure reached 170°C and 12 bars, after 3 minutes, the film appeared to 
be more homogeneous and more densely packed (see Figure 2(c) [SY4]). After four minutes 
at 170°C and 13 bars, the particle size increased and revealed more aggregated and round 
shaped nanoparticles (see Figure 2(d) [SY4]). Figure 2(e) [SY4] illustrates the SEM images 
of the nanoparticles after 2 minutes at 170°C. In this case, the best homogeneity of the film 
was obtained for narrow size distribution of the particles. There was no changed recorded 
on the surface by increasing the reaction time. Briefly, 2 minutes at 170°C was the shortest 
reaction time at which the nanoparticles had the best homogeneity with a narrow particle 
size distribution. Figure 3 [SY4] shows the UV-Vis spectrum of the AgNPs covered 
substrate obtained after 2 minutes at 170°C. The maximum absorption of the obtained 
nanoparticles is around 390 nm. The cross sections of the silver nanoparticles revealed in the 
SEM picture that the silver layer thickness is between 5-6 µm, with a high surface 
reproducibility (see Figure 4(a-c) [SY4]). It is clearly visible that silver nanoparticles 
formed large aggregates with densely packed arrays. The particles were reproducible for 
different batches. Figure 4(b) [SY4] shows colossal aggregates with a size of between 1-2 
µm. It is observed from the high magnified images that much smaller round shaped particles 
formed well-packed aggregates. These particles had a diameter between 30-35 nm and they 
were homogenous over the surface (see Figure 4(c) [SY4]).  
The morphological characters of these nanoparticles were analyzed by high resolution 
transmission electron microscopy (HR-TEM). The film was scratched onto the TEM grid in 
order to investigate the particles inside the layer. Figure 4(d) [SY4] shows the projected 
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image of the few Ag NPs which was densely packed together. Clear lattice fringes can be 
seen due to the high crystallinity of the particles with a lattice spacing of 0.23 nm, 
corresponds to the (111) planes of silver.  
The TEM investigation was supported by the X-ray diffraction pattern of the silver 
nanoparticles film obtained after 2 minutes at 170°C using ethanol as a reducing agent (see 
Figure 5 [SY4]). The silver crystal structure was face-centered-cubic (fcc) with a lattice 
constant of 4.080 Å. The average crystallite diameter was found to be 28 nm by using the 
Scherrer equation [147]. The investigations of the SEM and TEM images proved that the 
silver nanoparticles were single crystals. The calculated crystallite size was slightly smaller 
than the one detected in the SEM images. However, the study reported in the reference 
[147] that the Scherrer equation might underestimate the real size of the nanoparticle due 
to the structural stress or instrumental effects.  
Additionally, the stability and the aging test of the nanoparticles were investigated.  The 
SEM analysis was performed for two hour and one week after the synthesis. There is no 
significant change found on the morphology of the nanoparticles due to the high electron 
voltage during the SEM measurements. The mechanical tests of the film were investigated 
employing the scotch tape tests. No changes were observed on the surface by naked eye after 
the tape removal. Furthermore, the substrates were sonicated in water for ten minutes and 
no significant detachment of the nanoparticles was seen in the solution. These tests prove 
that silver nanoparticles have good adhesion properties on the glass substrates.  
Based on these promising results, various reducing agents were tested. Ethylene glycol and 
glycerol are well-known reducing agents in the literature and they were used due to their 
chemical similarities to ethanol. In the first case, ethylene glycol was used as a reducing 
agent because of its temperature-dependent reducing power, high boiling point and relative 
permittivity and the ability to solvate many metal precursors. However, using ethylene 
glycol as reducing agent did not provide satisfying results compared to ethanol. The SEM 
pictures show that the substrate covered developed a lightly yellowish color without any 
control of shape and size of the nanoparticles during the occurrence of the reaction in the 
suspension (see Figure S6 [SY4]). This can be explained by the good suspending ability of 
ethylene glycol. In this situation the particle growth and the nucleation preferentially 
develops in suspension rather than onto the substrate. In the second case, glycerol was 
tested as an alternative reducing agent. The solvent is less frequently used compared to 
ethanol and ethylene glycol for the nanoparticle synthesis. However, the stability of the 
nanoparticles in glycerol is much more even without using any stabilizer agent. The high 
stability in glycerol is due to the higher viscosity of ethylene glycol, which results in slower 
diffusion. Likewise, for the case of the synthesis of nanoparticles employing ethanol, the 
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films were obtained in a same manner. However, the amount of the silver acetate was 
lowered to 0.5 mg order to obtain a more homogeneous surface coverage. The results of this 
preparation protocol were different compared to using ethanol and ethylene glycol as 
reducing agent. The solution was yellowish-white suspension with an opaque color. A 
significant color change, greenish-metallic color with a strong yellowish reflection, was 
observed on the substrate. The SEM pictures and the cross section of the film is illustrated 
in Figure 6(a-b) [SY4]. It is visible here that the obtained nanoparticles have broad size 
distribution, between 80-150 nm, with a spherical like shape. The film was inhomogeneous 
and single layer instead of multiple layers. The particles were still self-assembled on the 
surface but forming loose surface attachment. However, this property of the nanoparticle 
might be used for the investigation and applications of a single nanoparticle. Figure 6(c) 
[SY4] shows the UV-Vis spectra of the film. The maximum absorption of the film was 
located at 443 nm with a much broader peak, which further proves that the nanoparticle size 
is larger, about 90-100 nm, due to the higher scattering.  
After the morphological and optical characterization, the interaction of AgNPs with the 
supporting substrate and various wettability of the glass plate were investigated. First, the 
hydrophilicity and the hydrophobicity of the surface were studied. For this, the glass 
substrate was covered by self-assembled monolayer of OTS to create the surface 
hydrophobicity. Within this contribution, the contact angle of the surface reached about 
108° without any surface morphology change. After covering the glass substrate with silver 
nanoparticle by using the reducing agent of ethanol, SEM and UV-Vis spectroscopic 
analysis were performed (see Figure S10 and Figure S11 [SY4]). These results proved that 
the Ag nanoparticles on OTS substrate were comparable with the hydrophilic glass 
substrate. Furthermore, TEFLON® was also used as a supporting material and covered with 
AgNPs. However, it was observed that TEFLON® was poorly covered with nanoparticles 
due to the high hydrophilic properties of the surface. Furthermore, silicon wafer and 
titanium dioxide thin layer surfaces were tested and successfully covered with silver 
nanoparticles. To sum up, the preferential nucleation of the silver nanoparticles during the 
microwave synthesis was promoted due to the high dielectric constant properties of the 
surface. Specifically, the local increase of the temperature, so called hot-spots, (up to 200°C) 
dramatically change the thermodynamics of the reactions. This instantaneous local 
temperature increase induces formation of round shaped small nanoparticles, promoting 
nucleation of new particles. Furthermore, the layer formation of the silver nanoparticles can 
be seen significantly while employing ethanol to ethylene glycol and glycerol see Table 1SI 
[SY4]). This can be explained by the different dielectric loss constant of the solvents under 
the microwave radiation. As showed Table 1SI [SY4], ethanol has the lowest dielectric loss 
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constant with lowest viscosity, thus the self-assembled nanoparticles simultaneously 
aggregates and nucleates directly on the surface easily. However, in the case of glycerol, the 
kinetics of nanoparticle nucleation was slowed down due to the high dielectric constant, or 
high viscosity of the medium. Moreover, the ethylene glycol has intermediate properties 
compared to ethanol and glycerol. In this case, the growth and the nucleation of the 
nanoparticles continued in the liquid phase. This led to different particle sizes and shapes 
due to the different nucleation hot spots and due to the local temperature.  
After investigating the morphological and optical properties of the film formation by 
employing microwave synthesis, it was concluded that the fabricated substrates have a great 
potential for the SERS application. Reliable and homogenous coating of silver nanoparticles 
on various surfaces such as concave or hollow objects not only allows enhancing the 
sensitivity of the Raman measurements but also enables their applicability in different 
bioanalytical fields. Thus, uniformly coated nanoparticles were tested by employing SERS. 
Within this contribution, 0.1 mM riboflavin solution was tested as model analyte. Figure 
8(a) shows the point-to-point SERS reproducibility of the Ag nanoparticle coated substrate. 
The Raman mode assigned to ν(C-C) stretching at 1625 cm-1 is integrated and plotted as a 
function of measured spectrum number. The RSD of the SERS intensity is 18.8%. Similar 
analysis of the point-to-point signal reproducibility investigations were performed for five 
different batches of SERS substrates. Figure 8(b) shows the batch-to-batch SERS 
reproducibility. The RSD of the five different batches were in between 4.7-8.5%. Based on 
the point-to-point and batch-to-batch reproducibility investigations, it was concluded that 
the microwave-assisted 
  
Figure 8: SERS reproducibility of AgNPs on planar substrates employing microwave radiation: 
(a) Point-to-point (b) batch-to-batch SERS reproducibility. 
 
silver nanoparticle synthesis provides high SERS signal intensity. In order to determine the 
sensitivity of the SERS substrates, different concentrations of riboflavin were measured. 
Figure 7 [SY4] shows the LoD of riboflavin. For analyzing this, the characteristic Raman 
mode at 1625 cm-1 was integrated and plotted versus different concentrations. Repeatedly, it 
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is clearly visible that the LoD is down to 0.01 µM of riboflavin. Thus, microwave assisted 
silver nanoparticle synthesis results in the formation of promising SERS-active substrates 
due their uniform coating on various surfaces and their high SERS performance, allowing 
detecting concentrations down to sub-µM and nM range. 
Finally, by taking the advantage of reliable, rapid and feasible Ag nanoparticle synthesis 
employing microwave radiation, the technique was implemented to coating glass capillaries 
for the practical applications. By doing so, silver nanoparticle coated glass capillaries 
provides easy handling in terms of sample collection, integratable and applicable to the field, 
pointing towards an application in routine analytics. Finally, the developed SERS based 




2.5 SERS-Based Capillary Platform Prepared by the In Situ 
Microwave Synthesis of AgNPs for Trace Detection of  
Tetrahydrocannabinol (THC) [SY5] 
This last section of the thesis reports an ultra-sensitive and high reproducible novel SERS-
based capillary platform by employing microwave-assisted silver nanoparticle synthesis for 
detection of tetrahydrocannabinol (THC). Using the advantage of microwave-assisted silver 
nanoparticle coating on various surfaces, glass capillaries were reproducibly coated in a 
batch fabrication process. The glass capillaries can be coated within three minutes without 
any pre-surface modifications by using the capillary force. Coated glass capillaries displayed 
reliable and high reproducible SERS signal that enables for trace detection. The developed 
platform was first characterized by SERS employing adenine as a model analyte and then 
the Raman characterization of THC molecule was investigated.  
Figure 1 [SY5] shows the schematic representation of the whole experimental procedure 
including, the preparation of the capillaries, collection of the sample, and SERS 
measurements. First, the capillaries were filled with silver salt solution and placed inside the 
reaction vial. Then, the capillaries were coated with silver nanoparticles within three 
minutes by employing microwave radiation (see Figure 1(i) [SY5]). In the second part, the 
target analyte was incubated for a few second by employing the capillary forces and then the 
SERS investigations were performed (see Figure 1(i) [SY5]). Finally, the platform was 
applied for drug monitoring or spectroscopic investigations. 
Glass capillaries which are used for blood sample collection or thermal analysis were 
commercially purchased. They were coated by applying the microwave-assisted silver 
nanoparticle synthesis protocol that was already described in Chapter 2.5. By taking 
advantage of the advantages of the microwave synthesis, such as rapid heating, short 
reaction times and batch processing, the capillaries were reliably and uniformly coated with 
silver nanoparticles. The AgNPs coating was performed by using silver acetate and ethanol 
mixed solution without using any stabilizers and any stirring tools. Similarly to the previous 
study [SY4], the single-mode microwave oven was used and the reaction temperature was 
operated in power-controlled mode and with a constant irradiation power. The whole 
microwave process took less than three minutes, including cooling time, and 90 seconds of 
microwave irradiation (for a detailed discussion see SI 1 [SY5]). The typical reaction 
temperature was between 190 to 200°C with a pressure of 10-15 bars (see Figure S1 [SY5]). 
Always five capillaries were prepared and homogenously coated in one batch, as shown in 
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the Figure 1(i) [SY5]. The yellowish color of silver nanoparticles was visible along the 
capillary.  
The physical morphology of the capillaries was investigated by employing SEM. Figure 2 
[SY5] shows the SEM images of the capillaries, which were taken from different sections of 
the capillary. It can be visible here that the inside of the capillary was  
covered with dense and uniform monolayer silver nanoparticles over a large area (see Figure 
2(A-C) [SY5]). Figure 2(E) [SY5] shows the photograph of a representative coated 
capillary and Figure 2(D) [SY5] shows the SEM images of the coated capillary from three 
different areas. The corresponding particle size distribution was shown in Figure 2(F) 
[SY5]. It can be clearly observed here that the glass capillary was coated with silver 
nanoparticles over more than a length of 3 cm, having particle sizes around 45±15 nm. The 
size of the nanoparticles can be controlled by changing the reaction time or the 
concentration of the silver salt in the mixed solution. Higher silver salt concentration results 
in more efficient microwave absorption due to accelerated heating and decreased synthesis 
time. Furthermore, the filling level inside the capillary has also an effect to the reaction time. 
This is due to the large volume of the reactants which needs longer heating time. In this 
study, 0.3 mL of the precursor solution was enough to fill the capillaries and the filling level 
in the vial was approximately 1.5 cm. However due to the capillary force, the liquid level 
inside the capillary was 3-5 cm. Consequently, fast, reliable and homogenous silver 
nanoparticle coating was achieved over a large range.   
After morphological investigations of the coated capillaries, the SERS-activity of the 
developed platform was tested. To define the optimal SERS measurement conditions, 0.1 
mM of adenine solution was used as a model analyte. By using adenine no resonance Raman 
effect was expected as adenine is a non-resonant molecule in the visible spectral range. The 
capillaries were fastly filled with adenine solution by employing capillary forces. Only 4 µl of 
adenine was necessary for achieving a filling level up to 3 cm and no incubation time was 
required. Figure 3(A) [SY5] shows the SERS background of the capillary and the SERS 
spectrum of adenine. The SERS measurements were recorded as single point measurements 
by focusing through the capillary wall. The characteristic ring vibrational mode at 733 cm-1 
was reliably detected. Furthermore, there is no background contribution of the capillary to 
the target analyte. However, the carbon spectrum between 1200 cm-1 and 1600 cm-1 is 
visible due to the longer exposure time and can be attributed to the “burning effect” or 
decomposition of the target analyte on the nanoparticle surface due to the amplified local 
electric field. In other words, the signal-to-noise ratio of the adenine decreases during the 
long exposure time while the carbon background increases. In order to prevent the 
contribution of the burning effect in reaching a conclusion regarding the enhancement 
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properties of the substrate, the SERS intensity of adenine at 733 cm-1 was integrated and 
plotted as a function of time (see Figure 3(B) [SY5]). The maximum SERS intensity was 
observed after a time period of 10 s and then the SERS intensity has dramatically decreased. 
This is related to the SERS intensity fluctuation. Consequently, short integration time per 
spot was used to prevent the burning effect while recording the SERS spectra along the 
capillary. Scanning along the capillary during the SERS measurement provides a high 
number of recorded SERS spectra, which improves the statistics analysis of the data. 
SEM investigations showed that the capillaries were uniformly coated with silver 
nanoparticles across a large area. To characterize the point-to-point and the batch-to-batch 
SERS signal reproducibility, SERS spectra were recorded along the capillary within a 40 µm 
line from 20 different measurement points. This measurement was repeated for 10 random 
area measurements, which finally resulted in recording 200 SERS spectra.  Similarly to the 
previous section, the capillary was filled with 0.1 mM of adenine for the point-to-point SERS 
reproducibility. Figure 4(A) [SY5] presents the point-to-point SERS reproducibility of the 
coated capillary. The dominant vibrational band of adenine at 733 cm-1 was integrated and 
plotted as function of the SERS spectra number. It is observed that the relative standard 
deviation (RSD) of the SERS intensity was approximately 8.1%. Furthermore, the RSD was 
marked in the figure with light grey area and most of the recorded SERS spectra were 
located within this region. Additionally, five different broker batches of capillaries were 
prepared and similarly to the point-to-point analysis, SERS measurements were performed 
for different batches. Figure 4(B) [SY5] shows the integrated SERS intensity of adenine at 
733 cm-1 as a function of batch numbers. The RSD of the five different batches were between 
6.6-9.2%. The results revealed that the developed SERS-based capillary platform has high 
point-to-point and batch-to-batch reproducibility of the SERS intensity. 
This novel, rapid and high SERS reproducible capillary platform was applied to drug 
monitoring to illustrate the potential applications of the SERS substrate. Thus, the (-)-trans-
Δ9-tetrahydrocannabinol (THC) molecule was studied. THC is the main psychoactive 
component of cannabis and its chemical structure is depicted in Figure 5(A) [SY5]. 
Detection of THC by employing easy to applicable, cost-effective and reliable test devices is 
significant for pharmacokinetic studies, drug treatment, and drug testing and traffic sobriety 
checks. The SERS spectra of THC in methanol, the spectrum of pure methanol and the one 
of the capillary background were measured (see in Figure 5(B) [SY5]). It is observed here 
that the vibrational modes of THC have rich fingerprints between 800-1600 cm-1. However, 
due to the lack of detailed vibrational assignments of the THC molecule in the literature, the 
density functional theory (DFT) calculations were performed in order to assign the Raman 
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modes in the SERS spectrum. Table 1 [SY5] shows the calculated and measured vibrational 
modes of the THC molecule together with the tentative assignments. The most of the 
Raman bands are the result of several atoms and, consequently, assigning these modes is 
still ongoing challenge. However, the characteristic Raman modes of THC can be identified 
at 1390 cm-1, 1236 cm-1, 1006 cm-1 and 712 cm-1, which can be assigned to the (=C-H) 
deformation, (C-H) deformation, (CC) stretching and (C-H) deformation respectively. It can 
be observed that the background signal of the capillary has no contribution to the spectra of 
the measured target analyte. However, the Raman modes of pure methanol at 1033 cm-1 and 
1590 cm-1 might interfere with the recorded THC spectrum. Additionally, the quantitative 
measurement of the THC molecule was tested. Figure 5(C-D) [SY5] shows the limit of 
detection (LoD) of the THC molecule. The most intense SERS peak of THC at 1390 cm-1 
was integrated and normalized as a function of concentration. The concentration range 
between 100 and 0.25 nM THC was monitored. To reliably conclude on the LoD, the 
definition of IUPAC was applied. Within this contribution, three times the standard 
deviation (+3σ) of the mean value of the background was used and set as a threshold. This 
threshold was shown with black dashed line (see Figure 5(D) [SY5]). Based on this THC 




3. Summary and Outlook  
Plasmonics is a rapidly growing branch of nanophotonics that opens various applications. 
Precisely engineered, the physical properties of these nanostructures have facilitated the 
development of a wide range of materials. SERS is one of the most powerful techniques 
which benefits from amplified Raman signal of the plasmonics nanomaterials. Engineering 
the physical properties of the nanostructures plays an important role to strengthen the 
SERS performance. 
The aim of this thesis was to develop novel, easy-to-prepare, cost-effective, long-term stable, 
portable and biocompatible plasmonic nanostructures with high performance as SERS 
substrates by employing bottom-up fabrication techniques. To record reliable SERS signal 
for bioanalytical application, the well-established EGNPs provide good SERS performance 
for label-free pathogen detection. By covering the entire analysis chain including sample 
preparation, DNA isolation, amplification and hybridization on EGNPs adenine-free capture 
probes, label-free detection of an important plant pathogen, P. ramorum, was easily achieved 
by SERS. This is the first study successfully covering the whole analysis chain with 
employing reliable and thermal SERS substrates for label-free plant pathogen detection. 
Even though SERS-based label-free DNA detection offers great potential compared to other 
techniques by means of simple validation of yes and no question, it has been still hampered 
by the spectral reproducibility of batch-to-batch or day-to-day measurements recordings. 
Furthermore, the SERS background signal of EGNPs is presenting characteristic Raman 
bands due to the residuals of the redox reaction. This predominant SERS background 
overlaps with the SERS spectra of the target molecule that decreases the SERS performance 
of the EGNPs. Furthermore, the shelf-life of these “desert-rose” like nanostructures is short 
due to the fast oxidization under ambient conditions. Within this thesis, an ultra-thin layer 
of Al2O3 (1 nm) was applied on EGNPs as a protection layer by employing ALD. By coating 
the substrates with an ultra-thin dielectric layer not only the residuals were removed from 
the surface of silver nanoparticles and therefore the background SERS signal was also 
quenched significantly. Here, background-free SERS substrates were obtained. Also, the 
detection sensitivity of the target analyte riboflavin was improved 20 times by using ultra-
thin film coating. Moreover, taking the advantage of the atomic scale precision of ALD, the 
point-to-point and the batch-to-batch SERS reproducibility were also improved.  
Furthermore, the shelf-life of the coated EGNPs was approximately four times better than 
the one of the uncoated EGNPs. Lastly, the improved specificity of the developed 
background-free EGNPs was demonstrated by the detection of retinol.  
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The engineering of hierarchically designed complex micro- and nanostructures in 3D form 
is still an ongoing challenge due to the complex equipment required for the fabrication 
procedure, time requirements and its consequently overall high costs. These man-kind 
developed complex nanostructures open various application fields in life sciences and 
bioanalytical applications, for example in SERS. Here, new and novel fabrication technique 
of complex and hierarchically designed 3D hybrid nanostructures employing PE-ALD were 
introduced as a result of the work developed within the thesis. A standard ALD process is 
based on sequential self-limiting reactions on stable surfaces, offering an exceptional 
conformality on high-aspect ratio. In contrast to the standard ALD, the metastable property 
of EGNPs such as the redox residuals on the surface and easy oxidization, was used to create 
3D hierarchically designed hybrid nanostructures. New fabrication technique of 
hierarchically designed hybrid nanostructures is introduced by employing metastability 
surface of the EGNPs and the PE-ALD. By doing so, new hybrid nanostructures were 
created. The formation process and the morphological properties of these hybrid 
nanostructures were successfully discussed. Within this contribution, the fabricated 3D 
hybrid nanostructures were used as SERS templates. In order to record the SERS signal, the 
template was activated by the desired metal deposition. The metalized hierarchically 
designed 3D flower-like silver-silica SERS substrate provided an increased number of hot 
spots in the focus volume in comparison to the 2D plasmonic arrays. This 3D hybrid 
nanostructure yields substrates with high hydrophobic surface property, which serves an 
excellent plasmonic platform for the detection of analytes solved in organic solvents. 
Furthermore, the LoD of the 3D hybrid nanostructures for the detection of the target 
analyte riboflavin is four times better than the LoD of EGNPs. However, the SERS signal 
reproducibility investigations show that the RSD of the 3D hybrid nanostructure is 
comparable with the SERS reproducibility of the EGNPs. Finally, these structures can 
preserve their stability at least one year without any morphological deformations, which 
means that the shelf life of the morphology of the developed SERS templates can be stable at 
least one year without any degeneracy. 
As an alternative to the introduced bottom-up plasmonic fabrications mentioned above, 
microwave-assisted silver nanoparticle synthesis is introduced. Here, fast, reliable, 
reproducible, facile, environmental-friendly and one-step procedure of silver nanoparticle 
synthesis is presented. A thin and robust film of silver nanoparticles was obtained by using a 
mixture of silver acetate with ethanol and by employing microwave radiation. Furthermore, 
other reducing agents such as ethylene glycol and glycerol were also tested and a dense 
layer of silver nanoparticle film was successfully obtained. The silver film formation was 
obtained within 2 minutes for all tested reducing agents. In this way, microwave-assisted 
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silver nanoparticle formation is 90 times faster than the EGNP formation. These 
mechanically robust silver nanoparticles are an excellent candidate for bioanalytical 
applications. Within this contribution, to demonstrate the potential application, the target 
analyte riboflavin was detected down to 10 nM, which translated in a sensitivity of 20 times 
improved in comparison to EGNPs. Furthermore, the capability of coating silver 
nanoparticles on various geometrical objects allows for new potential applications. Thus, the 
final aim of this thesis is to combine microwave-assisted nanoparticle synthesis, plasmonics 
and capillary forces for drug detection. By doing so, an ultra-sensitive and highly 
reproducible novel SERS-based capillary platform was developed for the trace detection of 
THC. The glass capillaries were reliable coated with Ag NPs in a batch synthesis method. 
The processing time of silver nanoparticle coating was three minutes and no pre-surface 
modification was needed. The coated glass capillaries exhibit excellent SERS reproducibility. 
Furthermore, the incubation time and the amount of analyte resulted in a simple and short 
procedure. To show the potential applications of SERS based capillary platform, THC was 
spectroscopically characterized and its concentration level was detected by SERS down to 
nanomolar range. 
In conclusion, various and different bottom-up plasmonics nanostructures were fabricated 
during this thesis. The developed plasmonic arrays conform to the definetion of an ideal 
SERS substrate. These SERS-active platforms provide as high SERS reproducibility (point-
to-point and batch-to-batch), long shelf-life, sensitive and specific for the detetction the 
target analyte, easy preparation procedure, cost-effective. The well-established EGNPs have 
great potential for the rapid analysis of biomolecules. However, these silver arrays are not 
convenient for the analysis which takes long analyte preparation steps. Thus, alumina coated 
EGNPs and hierarchically designed 3D hybrid nanostructures supply more robust and long-
term stable platform for the SERS applications that takes moresample preparation. 
Furthermore, considering the short preperation time, easy handling and readily integrabile 
into the routine analytical systems, microwave-assisted AgNPs SERS platform shows great 
potential for the trace detection of illegal drugs. Future investigation should be devoted to 
integrate all these developed substrates towards practical applications such as drug 
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